The size distribution of discrete plant patches (PSD), a common descriptor of the spatial 15 patterns of vascular vegetation, has been linked to variations in land degradation and 16 ecosystem functioning in drylands. However, most studies on PSDs conducted to date have 17 focused on a single or a few study sites within a particular region. Therefore, little is know on 18 the general typology and distribution of PSDs at the global scale, and on the relative 19 importance of biotic and abiotic factors as drivers of their variation across geographical 20 regions and habitat types. We analyzed 115 dryland plant communities from all continents 21 except Antarctica to investigate the general typology of PSDs, and to assess the relative 22 importance of biotic (plant cover, frequency of facilitation, soil amelioration, height of the 23 dominant species) and abiotic (aridity and sand content) factors as drivers of PSDs across 24 contrasting habitat types (shrublands and grasslands). We found that both power-law and 25 lognormal PSDs were generally distributed regardless of the region of the world considered. 26
these contrasting results, we need to better understand the ecological mechanisms by which 57
PSDs shift from power law to other distributions. Plausible ecological mechanisms, such as 58 the loss of large patches or the emergence of dominant scales (i.e., overrepresentation of some 59 patch sizes) have been proposed to explain changes in PSDs (e.g., see Von Hardenberg et al. 60 2001, Xu et al. 2015) . Nevertheless, we still lack empirical evaluations of the importance of 61 5 these ecological processes in real-world ecosystems, which precludes a complete 62 interpretation of the effects that plant spatial patterns may have on ecosystem functioning. 63
Facilitative interactions are often invoked as a major driver of PSDs in drylands, as 64 they promote the formation of large patches that underpin the creation of power-law PSDs 65 (Kéfi et (Knapp et al. 2008) . Therefore, understanding the interactions between aridity and 107 other PSD drivers is of paramount importance to better understand and forecast how dryland 108 ecosystems respond to ongoing climate change. 109
The current lack of understanding of the relative importance of biotic vs abiotic 110 drivers of PSDs in drylands restricts our ability to forecast changes in their structure in 111 response to climate change, and to use them as indicators of land degradation in these areas. 112
To contribute to filling this gap in our knowledge, we investigated the PSDs of perennial 
Study sites and data collection 122
We studied 115 dryland ecosystems from 13 countries ( Fig. 1 
Measurement of patch-size distributions 139
From the 236 sites available, we used for this study 115 sites from which we were able to 140 quantify their PSDs using high-resolution remote sensing data (see Berdugo et al., 2017b) for 141 details). In brief, we downloaded VirtualEarth (http://www.bing.com/maps) and Google Earth 142 (https://earth.google.com) images with resolution ≤ 30cm/pixel. To obtain a sufficient number 143 of patches as to fit power law functions to their PSDs, we took three adjacent subplots of 50m 144
x 50m per site. The first one was placed to fit that surveyed in the field. We classified the 145 images by using authomatic luminance threshold detection, and contrasted their results with 146 9 those from other classification methods based on expert knowledge (see Appendix 1 for 147 details). Finally, remote-sensing cover estimates from the first subplot were correlated with 148 field measurements to ensure that the classification procedure reproduced what was observed 149 on the field. The image classification analyses used fitted reasonably well observed field data 150 (see Appendix, Fig. S1 ). 151
For each site, we extracted all the patches and their sizes resulting from the image 152 classification analyses of the three subplots. We pooled them and fitted a power law to their 153 distributions. We used the approach of Clauset et al. Sometimes the range of data remaining after discarding patch sizes lower than x min is 162 not representative of the observed PSD, especially when it is curved and best fits a lognormal 163 function. To obtain an estimation of the range of patch sizes to which a power law could be 164 fitted, we calculated the power law relative range (PLR) as: 165
where, x smallest and x max are the size of the smallest and largest patch in the image, 167 respectively. PLR theoretically varies from 1 (all data fitted to a power law function) to 0 (no 168 data fits a power law function). PLR is related to the shape of the distribution and thereby to 169 the goodness of fit to a power law (Berdugo et al. 2017b ), but is not exclusive to power law 170 distributions (i.e. may be used for other heavy tailed distributions as well; e.g. simulated 171 lognormal distributions fitted using this methodology had a PLR around 0.3-0.4). The use of 172 the PLR allowed us to: i) compare all PSDs among our sites, which vary from power law to 173 lognormal, using a standard methodology for all of them, and ii) produce general descriptors 174 of all the PSDs evaluated, independent of whether they fitted better to a power law or a 175 lognormal function. 176
Assessment of biotic and environmental factors 177
At each site, we measured biotic and environmental attributes known to influence PSDs: sand 178 content, aridity, plant cover, height of the dominant species, percentage of facilitated species 179 and soil amelioration (the increase in soil fertility under plant patches). Further rationale for 180 the selection of these variables is presented in Appendix 2. 181
We measured sand content according to Kettler et al. (2001) . The aridity level for each 182 site was calculated as 1 -Aridity Index (AI). AI is precipitation/potential evapotranspiration, 183 The way in which PLR decrease may indicate processes of interest (e.g., decreases in PLR 207 associated with less small patches would indicate lack of recruitment, whereas a lack of large 208 patches would impede the clustering of plant patches). Thus, we attempted to explore how the 209 geometry of PSDs changed with decreasing PLR. The parameters x max and x min 210 (corresponding to the maximum patch size and the patch size of the initialization point of a 211 power law, respectively) are involved in the calculation of PLR. Hence, according to eqn 2, 212
we expect PLR to decrease with higher x min or lower x max . By relating both parameters to PLR 213 we expect to gain insights into how PLR shortening occurs in curved PSDs. It might be either 214 that: i) large patches become more infrequent with departures from power law fitting, thus 215 shrinking PLR from the right side of the PSD; ii) the size of the large patches remain constant 216 in all the study sites and that PLR is reduced because power law initializes in larger patch 217 sizes (thus x min increases while x max remain constant; iii) that PLR is diminished as a 218 consequence of both processes at the same time. To visualize the change in overall geometry 219 of PSDs with decreasing PLR, we collapsed all PSDs into a single plot. 220
Identifying the drivers of patch-size distributions 221
Prior to analyze the drivers of PLR, we fitted a statistical model to PLR as a function of both 222 latitude and longitude to assess whether PSDs exhibited any biogeographic trend. We also 223 compared the PLR of different zones of the world to evaluate whether these biogeographic 224 patterns were found in different study areas. To defined the zones as: North America; South 225 America, Mediterranean basin; Asia and Australia. 226 
RESULTS 250
The PSDs of all 115 sites were heavy-tailed with varying levels of curvature (Fig. 2) . We 251 found that the increase of x min and the decrease of x max acted in tandem to create deviations of 252
PSDs from a power law function (Appendix Fig. S3 ). As PLR decreased, PSDs tend to curve 253 by exhibiting a plateau in the first part of the distributions, thus suggesting the emergence of a 254 predominant scale (Fig. 2) . A few distributions with a very low PLR showed ample curves 255
with high x max values (Fig. 2i ), indicating the absence of processes forming power laws. Some 256 of the distributions with the highest PLR had spanning clusters (i.e., abnormally large patches 257 that are usually formed by vegetation merging in high covered sites, see Abades et al. 2014, 258 see Fig. 2v ). In sum, the curvature of distributions with low PLR was explained mainly by a 259 loss of large patches, but also by a decrease in the relative proportion of small patches 260 compared to the distributions showing higher PLR (Fig. 2) . 261 PLR values did not vary with latitude, and increased slighty with longitude ( Fig. 1) . 262
However, PLR maintained similar values across regions of the world (except for Africa and 263
Asia, where they were higher compared to the Mediterranean basin and South America and 264
North America, although a few points were sampled in the former regions, Appendix, Fig.  265 S4). When we analyzed all habitat types together, total cover, percentage of facilitated species 266 and the height of the dominant species were the main biotic factors driving the emergence of 267 15 power laws in PSDs (Fig. 3) . The two latter interacted significantly with aridity, with a 268 reduced effect of plant height and facilitation under drier conditions. Aridity and sand content 269 were only significant in the models with the highest statistical power (i.e., without percentage 270 of facilitated species as a predictor, Appendix Fig. S2 ) and led in both cases to more curved 271
PSDs. 272
The importance of PLR drivers varied with the habitat type considered, as suggested 273 by the interactions between habitat type and soil amelioration in the overall model ( Fig. 3a) . 274
In grasslands, the main predictor of PLR was total cover, followed by the percentage of 275 facilitated species (Fig. 3b ). In shrublands, height, percentage of facilitated species and soil 276 amelioration all promoted the emergence of power laws in PSDs (Fig. 3c ). Effects of total 277 cover on the emergence of power laws were, however, dampened and even disappeared in the 278 models with more statistical power in shrublands (Appendix, Fig. S2 ). Soil sand content was 279 an important driver reducing the occurrence of large patches in shrublands, but not in but the former entails the emergence of a predominant scale, whereas exponential 306 distributions do not. Importantly, PSDs fitted by exponential distributions may still contain 307 large patches (Fig. 2i ). This may be related with the overall scale of the system (i.e., when 308 trees are present, patches can be large and not clumped, and thus their PSDs would not exhibit 309 power laws). At the same time, we found evidence of the presence of spanning clusters (i.e., 310 the appearance of very large patches spanning one side of the studied area to the other, see 311 highest PLR cases in Fig. 2v ). Spanning clusters are formed because high cover levels can 312 increase the merging of vegetation when biomass reaches a saturating level, even if there is no 313 mechanism promoting vegetation clumping (Abades et al. 2014 , Xu et al. 2015 . Although the 314 formation of spanning clusters has been found to be more frequent at cover values around 315 60% in previous studies (Abades et al. 2014) , we found these clusters in sites with lower 316 cover values, while some sites with cover > 60% did not exhibit them (Appendix, Fig. S5 ). 317
Abiotic factors drive the shape of patch-size distributions across habitats 318
Although aridity was not a significant driver of the change in PSDs, it strongly modulated the 319 effects of biotic attributes on PSDs in shrublands, but not in grasslands. Grasslands in our 320 dataset were particularly prevalent under moderate aridity conditions (Appendix, Fig. S6 
Habitat-specific factors drive the shape of patch-size distributions 338
We found large differences in the drivers of PSDs depending on the habitat type considered. 339
In grasslands, the main factor controlling the emergence of large patches was total cover. It is 340 important to note that we cannot differentiate cause from consequence (cover driving spatial 341 pattern or the other way around) from our observational study. On the one hand, some studies 342 have linked patch formation with increases in the ability of plants to maintain a high biomass 343
due to an increased resource capture efficiency (Aguiar and Sala 1999, Boer and 344
Puigdefábregas 2005). On the other hand, as we already discussed, high cover can lead to the 345 emergence of spanning clusters. In shrublands, the effect of cover on PLR was not as high as 346 in grasslands, and was not even significant in the model performed with our highest amount 347 of sites (Appendix, Fig. S2 ). Since total cover does not differ between habitat types (F 1,68 = 348 1.14, P = 0.29, in the dataset with facilitation [N=71]; F 1,109 < 0.01, P = 0.95, in the full 349 dataset), this result suggests either that: i) cover is not enhanced in shrublands by spatial 350 pattern formation or ii) clumping of vegetation into large patches due to space constraints is 351 19 more likely in grasslands than in shrublands. In this last case, mechanisms such as the way in 352 which the different plant types compete (and thus repel each other) might be playing a 353 determinant role. In shrublands, individuals are larger, and also structure forming strata that 354 might increase competition for light that is less likely to occur between grasses. The latter is 355 supported by the significant effect of height on PLR found in shrublands, but not in 356 grasslands, thus indicating that the size of dominant individuals is important to define PSDs. 357
As a result, the formation of patches in shrublands strongly relies on the size of the dominant 358 individuals, and merging with other plants through facilitative interactions may occur in 359 different strata, thus not showing a direct link with total cover as measured in this study. 360
We found that the percentage of facilitated species was an important driver of PLR in 361 both grasslands and shrublands, whereas soil amelioration was only important in shrublands. 362
We also found that, whereas in grasslands the number of individuals that are facilitated 363 promoted the formation of large patches (as shown by the better fit of the PSDs to a power 364 law), in shrublands this number had the opposite effect (Appendix , Table S1 ). This result 365 suggests that, in shrublands, the number of individuals is constraining the ability of nurses to 366 increase patch sizes, probably because the more individuals in an area, the less they can grow 367 (Schöb et al. 2014 ). This result probably relates to the way in which grasses and shrubs 368 exploit belowground resources. Grasses allow more species to coexist by expanding the 369 niches of less-adapted species and by promoting the coexistence of understorey species 370 through niche segregation (Soliveres et al. 2011 , Berdugo et al. 2017c ). We showed that 371 this translates into the enlargement of patches. However, grasses have shallow roots. Thus, 372 once established, beneficiaries may have problems to grow under grasses, which often 373 20 compete with neighbouring plants (Paterno et al. 2016 , O'Brien et al. 2017 ), specially at the 374 seedling stage (Barberá et al. 2006 , Soliveres et al. 2010 . Therefore, the patch size would be 375 directly related to the number of beneficiaries (which are probably small), but not to their 376 size, in this case (Appendix , Table S1 ). Conversely, shrubs exploit deeper water sources, and 377 their beneficiaries compete with each other to grow, but not with the nurse ( Future studies need to examine whether these feedbacks between more direct (soil 398 amelioration and increases in species richness) and indirect (through the formation of spatial 399 patterns) effects of facilitation on ecosystem functioning might feedback on each other, to 400 better understand the overall consequences of facilitation for ecosystem functioning. 401
Our study also informs about the structural implications of the worldwide reported 402 shifts from grasslands to shrublands, also known as shrub or woody encroachment ( By examining the typology and drivers of PSDs in drylands worldwide, we found that PSDs 415 tend to deviate from power laws by loosing large, but also small patches. Our results 416 demonstrate differences in the drivers of PSDs depending on the habitat type considered. We 417 provide evidence of the importance of positive plant-plant interactions as a driver of spatial 418 pattern formation, an effect that was mainly due to the addition of new species to the patches, 419 rather than by a soil amelioration effect under the nurses (although this mechanism was also 420 important in shrublands). We also highlight the importance of plant cover and the height of 
